Introduction
Microorganisms invading and colonizing the root canal system are the major etiologic agents of periradicular disease. 1 Endodontic milieu with the necrotic pulp and low oxygen tension mainly supports the development of anaerobic microflora. Particular bacterial strains do not exist in the root canal as free-floating bacteria (planktonic microorganisms), but grow in the extracellular polysaccharide-protein matrix forming biofilmswell-organized, co-operating adherent microbial communities. 2 Gram-negative anaerobic rods, such as Fusobacterium nucleatum, Porphyromonas gingivalis, and Gram-positive cocci as Peptostreptococcus species, are frequently isolated from the root canals of untreated teeth as well as filled roots with periapical lesions. [3] [4] [5] [6] [7] Fusobacterium nucleatum is one of the most important anaerobic Gram-negative bacterium that can be closely associated with endodontic flare-ups. It is well known that lipopolysaccharide (LPS) contained in its cell wall is an endotoxin involved in the initiation of periapical inflammation and alveolar bone destruction. 5, 7 Yamasaki et al. 8 demonstrated that F. nucleatum had a cytotoxic potential in periapical fibroblast cultures, and inhibited their growth and proliferation. In addition, this bacterium mediates significant aggregation of immune cells, which is directly correlated with induction of cell death. 9 Consequently, the use of root canal sealer with antibacterial activity may be advantageous in an effort to further eliminate residual microorganisms that have survived chemomechanical instrumentation, as well as to prevent recurrent reinfections. [13] [14] [15] Thus, the aim of this in vitro study was to evaluate and compare the antimicrobial activity of currently used root canal sealers on three common endodontic pathogens: Fusobacterium nucleatum, Porphyromonas gingivalis, and Peptostreptococcus anaerobius. 5, 12 The ultimate goal of endodontic treatment, consisting of chemomechanical preparation and three-dimensional obturation of the root canal space, is the eradication of bacteria from the root canal system and prevention of subsequent reinfection. This enables achieving optimal conditions for healing of inflamed periradicular tissues after root canal treatment. 1 It is well recognized that the huge majority of bacteria are sensitive to standard treatment procedures. Nevertheless, certain Gram-negative anaerobic species such as F. nucleatum, Prevotella and especially Gram-positive anaerobic cocci can be detected in post-instrumentation samples. 1 
CO 2. Wyniki odczytywano mierząc strefy zahamowania wzrostu bakteryjnego po 48 h, 72 h, 1 tygodniu (F. nucleatum) lub 72 h, 120 h i 1 tygodniu (P. gingivalis, P. anaerobius), a następnie analizowano

Material and methods
Results
The growth inhibition zones resulting from the application of different root canal sealers on the tested bacteria are shown in Figures 1-3 . Most of the sealers (EN, SP, TS AH, and EP) showed antimicrobial activity on all tested bacterial strains. AP demonstrated antibacterial action only against P. gingivalis. GF and RSA were ineffective against all bacteria. Positive control plates showed bacterial growth in all cases. Analysis of variance revealed that the mean bacterial growth inhibition zone was significantly influenced by the tested material type (p< 0.001).
EN, followed by SP, TS, AH, AP and EP, exhibited the highest antibacterial effect against P. gingivalis. In relation to F. nucleatum, the average dimension of growth inhibition zones in descending order were detected with SP, TS, EN, AH, and EP. The largest growth inhibition zones for P. anaerobius were observed with EN and EP followed by TS, SP, and AH.
Statistical analysis of the results revealed significant differences between all the materials in the varying sizes of growth inhibition zones within particular strains. Details of the statistical analysis results are presented in Figures 1-3 .
In order to compare the susceptibility of particular strains to each sealer, the mean growth inhibition zones obtained with all the measurements for each material (excluding materials with a zone of growth inhibition 0) were calculated and analyzed. Statistical analysis revealed that P. gingivalis was significantly more susceptible than F. nucleatum and P. anaerobius to AH, AP, and EN (p<0.001) and more susceptible than P. anaerobius to almost all tested sealers (except for EP). On the other hand, P. anaerobius was significantly more susceptible than F. nucleatum and P. gingivalis to EP (p<0.001). F. nucleatum was significantly more susceptible than P. anaerobius to AH, SP, and TS (p<0.001) ( Table 2) .
The antibacterial effect of all the tested root The bacterial suspension was distributed with a sterile cotton swab on the surface of Brucella Blood Agar with wells of 7 mm in diameter and 5 mm in depth. In order to seal up the wells, the bottom was covered with 10 μl of liquid Triptic Soya Agar (TSA) (Oxoid Limited, Hampshire, United Kingdom), and the wells were filled with freshly mixed sealers prepared in aseptic conditions according to the manufacturer's instructions. The plates were left in room temperature for 30 min. and then incubated for 48-72 hours in anaerobic conditions at 37 0 C. To control the growth of the standardized strain on the agar used for the experiment, positive control plates were streaked with bacteria, but no root canal sealer was used. Six samples were prepared for each material.
The plates were examined and evaluated for growth inhibition zones at 48 hours, 72 hours, and 7 days (F.nucleatum) or at 72 hours, 120 hours, 7 days (P. gingivalis, P. anaerobius). The most uniform segment at the largest point of the growth inhibition zone was measured with a ruler and the results were given in millimetres. The 7 mm (diameter of the well) was extracted from the measurement as the cut-off value. 15, 16 Wider zones of inhibition were interpreted to indicate greater antimicrobial activity of the involved materials.
Statistical analysis was performed using the Statistica 8.0 (StatSoft) software package. The collected data were statistically analyzed by comparing mean inhibition zone for each sealer. The obtained results were evaluated using one- Table 3 presents the results of correlation between the mean bacterial growth inhibition zones of the materials and the time of the experiment. Statistically significant correlations were found for all microorganisms tested with EP, SP, TS and further for P. gingivalis with EN, AH, and also for F. nucleatum with EN (p<0.05).
Discussion
It has been proven that different bacteria may vary in their sensitivity to the same material. 16 Therefore, it seems important to use more than one species of bacteria to test the antibacterial effect of root canal materials. Fusobacterium canal sealers against individual strains varied considerably during the entire experiment. For F. nucleatum, the antibacterial activity of the materials increased throughout the whole experiment. For P.gingivalis, the antibacterial effect of EN, TS, and SP rose, whereas with AH and EP it decreased gradually. The diameter of growth inhibition zones with AP remained stable over the experimental period. For P. anaerobius, only TS exhibited an enhancement of antibacterial activity. EN and AH were characterized by a stable increase of the growth inhibition zones, and the antibacterial effect of EP and SP decreased during the experiment. SD -standard deviation; p -level of significance.
Endomethasone N, Tubliseal, AH Plus Jet, Epiphany and Sealapex showed antibacterial activity against all examined strains. These results are in accordance with previous findings evaluating the antibacterial effect of zinc oxide sealers and those based on epoxy resins on anaerobic bacteria. [15] [16] [17] [18] The antimicrobial effect of Endomethasone N and Tubliseal is attributed to free eugenol liberated from these sealers even after their setting. Eugenol, a phenolic compound, in relatively high concentrations inhibits the growth, or even induces death of bacterial cells. 19 The adverse effect of AH Plus on bacteria might be related to the content of mutagenic bisphenol diglycidyl ether 19 and epoxy amines. 15 Taken nucleatum, Porphyromonas gingivalis, and Peptostreptococcus anaerobius have been shown to be frequently present in infected root canals and were, therefore, chosen as representatives for our study. [3] [4] [5] [6] [7] It is extremely difficult to compare accurately bacterial inhibition data, even for identical materials, between different authors with the agar diffusion test due to difficulties in controlling the large number of variables. This means that there are no standardized in vitro protocols for testing the antimicrobial activity of materials. 14 The findings of the present study have suggested substantial differences in the antimicrobial effect of root canal sealers. Among the materials tested, R -Spearman's rank correlation coefficient; p -level of significance; high correlation r > 0.6; moderate correlation 0.3 < r < 0.6; low correlation r < 0.3.
together, these components made the epoxy resin sealers antimicrobial. Epiphany, a polymethacrylate resin-based sealer, also inhibited the growth of all the tested bacterial anaerobic strains. The antimicrobial activity of this sealer can be possibly attributed to the toxicity of methacrylates and the release of unreacted and residual monomers. 20, 21 On the other hand, several authors have pointed out that the release of free monomers from materials characterized by a high water sorption, and thus high solubility such as Epiphany, might stimulate bacterial growth. 22 Calcium hydroxide-containing sealers had a varied antibacterial effect. Apexit Plus was effective only on P. gingivalis, which is considered one of the most sensitive microorganisms. 6 Other investigators also emphasized the poor antibacterial properties of Apexit Plus. 13, 16, 17 It can be speculated that the increased pH resulting from the dissociation of calcium hydroxide into calcium and hydroxyl ions could have been responsible for any antimicrobial action of the calcium hydroxide sealers. The hydroxyl ions denature proteins of the cytoplasmatic membrane of bacteria, thus killing the cells. 23 Our previous investigation has shown that Sealapex increased the pH of the environment considerably more than Apexit Plus, and thus potently inhibited the growth of all bacterial strains in the present study. 24 These results are consistent with the findings of other authors. 17, 19, 25 However, Ebert et al. 26 presumed that the pH of calcium hydroxide sealers in culture media may not be high enough to suppress the growth of bacterial strains due to the buffering properties of the agar medium used.
It should be remembered that the antibacterial action of root canal obturative materials might be also modified by dentine. 27 The influence of dentine on the antibacterial activity of certain drugs is associated with a buffering effect of this tissue. 28 In the present experiment, RSA and GuttaFlow did not show an antibacterial effect against any of the tested microbial strains despite the fact that they contain antimicrobial components such as nano-silver particles (GuttaFlow). 21 Cobankara et al. 19 claimed that no antibacterial activity might be caused by insolubility and no diffusion of silicone materials in agar medium.
Our findings relating to polydimethylsiloxane materials are in agreement with previous studies. 17, 19, 22, 29 Willerhausen et al., 18 in turn, showed a weak antibacterial effect of GuttaFlow against P. micros. According to Nawal et al., 21 however, the nano-silver component added to this material might have acted as a preservative, but it does not contribute towards antimicrobial efficacy. The aforementioned differences may be caused by variations in methodologies.
The agar diffusion test is one of the most often used methods to assess and compare the antibacterial activity of root canal materials. 13, 15, 17, 19 To a certain extent, it helps to imitate a clinical situation since agar, as well as dentine, has a buffering effect. 26 Its main disadvantage is the inability to distinguish between the bactericidal and the bacteriostatic properties of the materials. In addition, the size of the inhibition zones not only depends on the antimicrobial agent content in the materials, but also on their solubility and diffusibility in an agar medium. 19 Although the environment of root canals is dissimilar to the agar, bacteria can colonize the dentinal tubules, thus requiring the materials to have a high diffusion capability to be an effective antimicrobial agent. 25 
Conlusions
The present findings indicated that the antimicrobial activity of root canal sealers varied considerably depending on the type of material and the tested bacterial species. Most of the sealers demonstrated antibacterial action on Fusobacterium nucleatum, Porphyromonas gingivalis, and Peptostreptococcus anaerobius.
